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By Wendel | H Stiliwell and Hubert M Brake
SUMMARY

An investigation was conducted into the use of jet reaction forces
for vehicle attitude control in regions of flight at extremely |ow
dynami ¢ pressures where aerodynamc controls would be ineffective. Ana-
| og conputer and nechanical sinulator studies were made of the use of
manual |y controlled jet reaction forces. The effects of various contro
configurations, control magnitudes, control techniques, dynemic pressure,
and the amount of aerodynamic stability were investigated. The investi-
gation was limted to acceleration command controls; that is, controls
In which the pilot controlled the thrust directly with no feedback | oops.

The results of the investigation indicate that satisfactory attitude
control can be maintained with acceleration commend jet reaction controls
at dynami c pressures up to 20 pounds per square foot.

Control techni ques are somewhat different from those used with aero-
dynam c controls at narmel flight speeds. Because of the ease of over-
controlling with large control powers, nuch |lower control power than that
requi red for aerodynamic controls was preferred. Pilots' comments indi-
cated only small differences existed between the ease of control for pro-
portional control end for full-on, full-off type of control

Moderate val ues of effective dihedral produced a noticeable increase
in the amount of roll control required to naintain trimat dynamc pres-
sures up to 20 pounds per square foot because of the rolling produced by
smal | sideslip angles. Changes in longitudinal or directional stability
had little effect on the ease of control

*11t1e, Uncl assi fi ed.
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| NTRODUCTI ON

Wth the large values of jet-engine and rocket-engine thrust now
avai | abl e, man-carrying vehicles can attain altitudes and airspeeds where
aerodynam ¢ controls, which depend on dynamic pressure, are essentially
ineffective. The general flight areas where this |oss of control Y
occur are at extremely high altitude and during the take-off and early
transition phases of vertical take-off aircraft. For these areas the
dynami ¢ pressure may be as | ow as zero.

The actual |evel of dynam c pressure bel ow which aerodynam ¢ con-
trols have insufficient effectiveness cannot be stated definitely; how
ever, it is probably on the order of 5to 10 pounds per square foot.

The shaded area of figure 1 illustrates the variation of Mach nunber

and altitude for this range of dynamc pressure. This area, then, indi-
cates the general conbination of Mach nunber and altitude at which aero-
dynami ¢ controls must be replaced by controls which do not rely upon
aerodynam ¢ forces for effectiveness. Two types of controls are suitable
for use in the transition region and the reaction control region. One
type depends on jet reaction forces; the other depends on the reaction

to changes in the angul ar monentum of a rotating ftlywheel wthin the
airplane. These controls are not intended for maneuvering, that is,
changing the flight path, but only for controlling attitude. Also

since aerodynamic stability is nonexistent, the controls must be utilized
to provide static and dynamc stability.

In general, the jet control method would be of interest to vehicles,
such as research airplanes, designed to operate for only brief periods
at low dynamc pressure. The nonentumtype of control would be appli-
cable to space operations of |onger duration. For |ong-duration opera-
tion at altitudes considerably above the transition boundary it m ght
be practical to use other control nmeans which depend on the outside
environmental factors such as solar radiation pressure, gravity, or
magnet i sm

The NACA High-Speed Flight Station has initiated a study of reaction
controls for flight at high altitudes. This study, which includes both
simulator investigations and flight tests, will investigate both types
of reaction controls. The jet-type control was selected as the subject
of the first investigation since it is of nore imrediate interest. This
paper describes the results of anal og conputer and nmechanical simulator
studi es of various control configurations, control magnitudes, contro
techniques, and the effects of jet thrust |ag, dynamic pressure, and
aerodynemicstability. Although the airplane characteristics selected
for the investigation were those of the X-1B, it is believed that the
results will provide general information pertinent to jet reaction
control s
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This investigation was limted to acceleration comand controls;
that is, controls in which the pilot controlled thrust directly with no
feedback loops. The results of a brief investigation of-jet reaction
control s incorporating angul ar vel ocity and attitude. ang;g\feszack are

presented in reference 1. Y
B
SYMBQOLS
b wing span, £t
c, rolling- noment coefficient, Relling moment
Lovisn
2
Cy pi t chi ng- noment coef fi ci ent, Eitching moment
2ov-sE
2
Cp, yawi ng- monent coefficient, 12¥ing moment
Lov2shb
2
CIB’Cmu,’CnB indicates derivative with respect to subscript
g wing mean aerodynemic chord, £t
hy, pressure altitude, £t
M Mach number
P rolling vel ocity, radiasns/sec or deg/sec
d pitching velocity, rediens/sec or deg/sec
R control effectiveness ratio, Rol| control effectiveness
Pitch or yaw control effectiveness
r yawi ng vel ocity, radians/sec or deg/sec
S wing area, sq ft
t time, sec
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v true airspeed, ft/sec

a angl e of attack, radians or deg

B angle of sideslip, radians or deg
8 pitch angle, deg

o mass density of air, slugs/cu £t
? bank angle, gdeg

¥ yaw angl e, deg

Dot over a synbol indicates derivative with respect to tine.
METHODS AND EQUIPMENT

The present study was performed W th closed-loop circuits consisting
of presentation, pilot, control stick, and sinulated airplane notions.
One nethod utilized a fixed-base setup with an anal og conputer to solve
the equations of notion; the other nmethod utilized a three-degree-~of-
freedom mechani cal sinmulator with which the pilot actually experienced
the airplane nmotions.

Anal og Conput er

The anal og conmputer represented the airplane in five degrees of
freedomw th control provided by signals fromthe pilot's control stick
The computer also provided the signals for the presentation and the
recorded data. The investigation was conducted with the conputing equip-
ment of the Air Force Flight Test Center and the NACA H gh- Speed Flight
Station at Edwards, Calif. The equipnent differed only in conputing
capacity and quantities recorded.

Equati ons of motiom.- The five-degree-of-freedom equations of notion
used are shown I n the appendix. For zero dynam c pressure, elimnating
all ternms containing dynamic pressure and assuming e« = q and ~B = r
resulted in three-degree-of-freedom equations containing the inertia
terms and control ternms of the p, 4§, and £ equati ons. Aerodynam c
derivatives and nass characteristics of the X-1B research airplane were
used during the study, except as noted.

Pi | ot presentation.- Presentations were varied during the tests
because of the differences in analog equi pment and as a result of
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observations as the tests progressed. Throughout the study, enphasis
was placed upon presentations that were easy to learn and to interpret.

Figure 2(a) shows a sketch of the presentation in which all three
di spl acenent angles were presented on an oscilloscope. This presentation
is simlar to the "inverted ™" presentation of reference 2 except for yaw
angl e, which for the present study was indicated by novenent of the short
vertical oscilloscope trace across the trace used to indicate bank angle.

A second presentation shown in figure 2(b), was used for nost of the
tests. An oscllloscope trace consisting of a short horizontal line indi-
cated roll and pitch angle; yaw angle was indicated on a voltmeter cen-
tered bel ow the oscill oscope.

The pilots indicated that both presentations were easy to |earn and,
after practice, there was little tendency toward msinterpretation.

Control stick.- The control stick used for nmost of the study evol ved
froma brief investigation of types that could be installed in the X-1B
airplane. For research purposes it was believed that a separate contro
stick for the reaction controls would be desirable. Since it would be
necessary for the pilot to control the air-plane about three axes through
one control, a rather unconventional control stick was envisioned. Sev-
eral rather short sticks were investigated with pitch and roll contro
movenents simlar to conventional control-stick movements and with a
means of rotation for yaw control. Shown in figure 3is the contro
stick that was used during the investigation. Mvenent of the thunmb
rotates the curved thunb rest at the top of the stick, which applies
yaw control. Al though mani pulating this type of thumb control was awk-
ward at first, with practice it was not difficult to become proficient
inits use. ALL control forces were provided by springs.

Mechani cal Si mul at or

A phot ograph of the three-degree-of-freedom similator i S presented
infigure 4. The simulator consists, essentially, of two steel |-beans
mounted on a supporting strut by means of a universal joint that permts
rotation about three axes. At first, an attempt was made to duplicate
exactly the nonents of inertia of the X-1B airplane;, however, in order
to maintain a reasonable weight the sinulator was ballasted to the same
inertia ratios as those of the X-1B. The sinulator was bal anced on the
supporting strut by proper weight distribution and by adjusting the
vertical center of gravity until it coincided with the pivot point. In
this condition the only forces acting on the simulator, other than those
fromthe reaction controls, arose fromthe mechanical friction of the
universal joint. A blind-flying hood over the cockpit of the sinulator
was normal [y used during the tests.
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The simulator was operated by forces devel oped £rom nitrogen gas
expanding fromjet nozzles at the right wing tip and aft end to apply
roll control, and pitch and yaw control, respectively. N trogen gas was
piped froma storage tank to the nozzles; end two-position solenocid-
actuated val ves at the nozzles provided on-off control of the nitrogen
jet. The reaction forces were varied by adjusting the nozzle size to
produce the desired jet thrust

Presentation.- A photograph of the instrument panel is shown in
figure 5. Conventional gyro-horizon and directional-gyro instrunments
were used to indicate roll, pitch, and yaw angle. Thet ur nandbank
indi cator was included, since it is normally one of the primary blind-
flying instruments

Control stick.- The control stick shown in figures 3and 4 was used
during the initral simulator tests; however, later tests led to the devel-
opnent of a different type of control stick for the X~1B airplane. This
later type, shown in figure 5,was used for nost of the tests. Wth this
stick, pitch control was applied by noving the stick up or down, yaw con-
trol by noving the stick left or right, and roll control by rotating the
hand grip. Control forces were provided by springs operating on cans.

Recor di ng instruments.- Standard NACA flight recorders were used to
record control-stick positions and roll, pitch, and yaw angle and rate.

TESTS .

Anslog

The capacity of the conputing equipnent placed sone limtations on
t he nunber of variables that could be investigated simultaneously. There-
fore, an initial investigation was made to eval uate overall control char-
acteristics of various reaction control configurations for zero dynanic
pressure. The nore prom sing configurations were then used to investi-
gate control characteristics at |ow dynanmic pressures.’

The primary task of a pilot during flight in regions where reaction
controls are required would be to stabilize the airplane on the flight
trajectory. This type of flying was sinulated during two-mnute test
runs in which the prlot was Instructed to nmaintain zero roll, pitch, and
yaw angle after a small initial disturbance in rolling, pitching, and
yawing velocity was applied. The second task was concerned with the-
pilot's ability to control high rates of rotation. This task was eval u-
ated by inposing initial disturbances about three axes and successively
increasing the magnitude of the disturbances until the nmotions coul d
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not be controlled. These runs were nade primarily for pilot famliar-
ization, since it IS expected that external disturbances during space
flightwillbe small

The reaction control characteristics were eval uated frompilot com
ments and fromthe total thrust-impulse requirenments for the two-mnute
runs. In addition to providing information concerning the fuel require-
ments of jet-type reaction controls, thrust-inpulse information was al so
used as an indication of control efficiency, since it is a neasure of
the amount of control used

Tests were conducted with four NACA research pilots and one NACA
engi neer as simulstor pilots. Although an attempt was nade to have
several pilots fly each condition studied, each pilot did not fly every
condition. Differences in the control techniques of the operators were
noted, with large variations for one operator sonetines evidenced. In
general, the thrust-inpulse data presented herein show trends conmon to
several operators and do not indicate maxi mumor mninuminpul se |evels.

Mechani cal Si mul at or

The tests with the nechanical simulator were conducted to eval uate
reaction control characteristics qualitatively under conditions nore
closely approximating flight than were available with the anal og com
puter. The results of the analog studies were used to establish the
range of control effectiveness to be investigated. Various control
effectiveness levels within this range were evaluated on the sinulator
by making test runs and conparing the ease of control for each |evel.
The pilots' control task during these runs was to maintain a stabilized
attitude while small external disturbances were applied.

RESULTS AND DI SCUSSI ON

Anslog

To famliarize the reader with some of the peculiarities of flight
with reaction controls, the control characteristics -of conventional aero-
dynami ¢ controls at normal speeds are compared With the control charac-
teristics of reaction controls at a dynemic pressure of zero in figure 6.
This figure shows the notions of an aircraft following |ateral and |ongi-
tudinal control inputs with aerodynam c and reaction controls. The dif-
ference in response is not caused by the difference in the controls, but
arises fromthe lack of aerodynamic stabilizing or danping forces during
flight at zero dynamc pressure. Thus, the response to reaction contro
input is an angular acceleration rather than an angular velocity or
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attitude angle as with aerodynamc control. For the zero
pressure condition the pilot would be required to provide stab|l|ty and
damping with the reaction controls.

An initial exploratory investigation was nade with this type of
control for famliarization purposes, followed by a nore detailed study
of various conditions. As a result of the exploratory investigation
the general characteristics of flight with reaction controls were found
to be different fromthose with aerodynam c controls because of over-
shoot or overcontrol tendencies. Since all motions were undanped, it
was difficult to reduce angular velocities to exactly zero, and desired
trimangles were usually undershot or overshot. However, control was
not too difficult, and only a relatively short |earning period was
required to become proficient with reaction controls. Constant atten-
tion to the control task was required. Satisfactory control could be
mai ntai ned for a large range of effectiveness levels and control con-
figurations, but large differences were encountered in the ease of con-
trol for the various conditions. Therefore, the determ nation of opti-
mum control configurations and effectiveness |evel's becane the primary
objective of the study. The investigation also included studies of the
effects of dynamc pressure up to 20 pounds per square foot, rocket
thrust lag, pilot technique, and inertial coupling. The results of the
various studies are presented in the follow ng sections

Control configuration.- The investigation was first concerned wth
the choice of control configuration or proportioning of thrust (or con-
trol effectiveness) to control stick deflection. The three control con-
figurations investigated (shown in fig. 7)are: proportional control
with a linear variation of thrust to control-stick deflection; on-off
control, with full thrust being applied when the control stick is noved
to a certain position (go-percent travel); and two-step on-off control
with thrust being applied in tw levels of on-off operation (w percent
and go-percent travel)

A control problemwas initially encountered with the proportiona
control because of the difficulty in avoiding snmall amounts of inadver-
tent control application when the control stick was neutralized. This
problemwas elimnated either by the provision of positive centering
t hrough centering cans or by a deadspot in thrust at the center of con-
trol travel. The results of a brief separate investigation to deternine
t he desired anpbunt of deadspot showed that a deadspot of at | east 18
to 20 percent of control travel is required. A deadspot of 25 percent,
shown i n figure 7,was used for the proportional-control tests reported
her ei n.

Typical time histories fromthe two-mnute trimruns are shown in
figure 8for proportional control and on-off control configurations
having equal control effectiveness. Control inputs for both
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configurations consist essentially of pulses of short duration. The con-
trol inputs and resulting notions are typical of the continuous contro
mani pul ations required for acceleration controls.

Some pilots tended to use proportional control as on-off contro
(that is, control inputs were short pulses of about meximmm contro
power) and, therefore, found no appreciable advantage of proportiona
control .over on-of f control. Qhers indicated that control with the
proportional control was easier, since it was possible to make very
smal | control applications.

The two-step on-off control was of considerable advantage for con-
trol of large disturbances. However, the two-step control was of no
advantage for the trimruns, since the second step was used only
i nfrequently.

Figure 9 presents a conparison of thrust inpulse for two-minute
trimruns with proportional and on-off controls for various contro
effectiveness levels. Control effectiveness is expressed as the maxi-
mum angul ar accel eration produced by jet thrust. Roll control effec-
tiveness was arbitrarily selected for comparative purposes. These data
show slightly smaller inpulse levels for the proportional control at |ow
effectiveness levels, with larger differences shown at the higher effec-
tiveness |evels. However, since differences in inpulse are small, and
since there were varied opinions regarding the relative nerit of pro-
portional and on-off controls, it appears that for the stabilization
task there is no marked advantage for proportional control. Because the
on-of f control configuration offered sone advantage In sinplifying the
anal og simulation, on-off controls were used throughout the remai nder
of the investigation.

Control effectiveness levels.- Since one of the objectives of the
study was to establish desirable levels of control power, a range of
control effectiveness for angular accelerations from 1.25 degrees per

second? t0 40 degrees per second® was investigated. Al though the nmaxi-

mum angulexr accel eration of 4o degrees per second® m ght seemto be | ow
in conparison with the effectiveness of aerodynamc controls at norma
speeds, it was about the upper limt of reaction control effectiveness
Ff ﬁnterest because of |arge anounts of overshoot produced at higher

evel s.

A range of ratios of roll control to pitch or yaw control of from
1/2 to 8 were investigated to determne the desired proportioning between
these controls. The tests indicated a preference for higher roll control
ef fectiveness than pitch o yaw control effectiveness (R= 2 or 4).

Sanple tine histories fromtwo-mnute trimruns are shown in figure 10
for two control effectiveness levels. A simplified notation of 2.5,1.25,
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1.25 will be used to indicate control effectiveness in degrees per second?®
of angul ar acceleration about the roll, pitch, and yaw axes, respectively.
In figure 10 the tine histories for control effectiveness |evels of 20,

10, 10 and 2.5, 1.25, 1.25 show the characteristic hunting of roll, pitch,
and yaw angle, with the larger angles for the 20, 10, 10 control effec-
tiveness indicating the increased overshoot tendency at the higher effec-
tiveness |evel

The effect of control effectiveness on inpulse for the two-mnute
trimruns is presented in figure 11. The data are shown for ratios of
roll to pitch or yaw control of 1/2, 1, 2, 4, and 8as functions of rol
control effectiveness. The data show a large increase in the inpulse
required as control effectiveness is increased. It night be expected
that, if control could be as easily maintained with any l[evel of contro
ef fectiveness, the impulse |evels would be about the same. Thus, the
i ncreased inpul se shown (for one control ratio) for higher control effec-
tiveness indicates that nore control is required for these conditions.
It should be pointed out that the inpulse values are for the moments of
inertia and moment arnms of the X-1B airplane, but the trends shoul d be
applicable to other configurations.

A summary of pilot opinion of the various control ratios and effec-
tiveness levels investigated is shown in figure 12. Each condition was
rated as satisfactory or unsatisfactory, and an indication was given of
the best, or preferred, condition. The left boundary of the satisfactory
region, in general, represents the region where control was described as
sl uggi sh or aircraft response was too slow. The curved boundary at the
right of the satisfactory region shows the region where control was dif-
ficult because of excessive overshooting. The preferred conditions, as
i ndi cated, correspond to control effectiveness levels of 5,2.5,2.5
and 10, 2.5,2.5.

Effects of disturbances.- Tests were made to determne the difficulty
of controlling Targe external disturbances with reaction controls. The
results are nore qualitative than quantitative, since control depends
upon such factors as pilot reaction tine, pilot experience with the ana-
| og simulator, type of disturbance, and direction of notion of the dis-
turbance. In addition, little is known about the magnitude of possible
di sturbances for low or zero dynam c pressure conditions.

For these tests an initial angular velocity was applied about al
three axes and the thrust inpulse required to control these imputs and
return to trimeconditions was neasured. Control effectiveness |evels
varied from5,2.5,2.5t0 20, 10, 10. A sunmary of the data obtained
is presented in figure 13. The disturbances are expressed in terns of
the product of the initial angular velocity inputs p x g xr. In gen-
eral, the data show the increased inpulse required to control the |arger
di sturbances. An upper linit was established for the factor p x q x r
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of 2,500(deg/sec)3, above which combined disturbances coul dnot be con-
trolled within the limts of the conputer simulation of +40° pitch,
k0% yaw angl e; and +180° bank angl e.

Effect of piloting technique.~ As expected, control-technique (per-
taining to the method of maintaining precise trinm had a noticeable effect
on impulse requirenents. Therefore, to evaluate these effects data were
obtained for two trimmng tasks: one in which very accurate trim wes
mai ntai ned, and one in which the airplane was allowed to drift through
about 5°%in roll, pitch, and yaw The effect of these two control tech~
niques is shown in figure 4. |t is seen that the inpulse requirenments
for control within 5%are generally |ess than half those for precise
trimmed f | i ght.

Effect of inertial coupling.- The inertial forces beconme nore dom
inant tactors In establishing the notion of an airplane as dynam c pres-
sure is reduced, until at zero dymamiec pressure the equations of notion
contain only the inertia and reaction control terns. Thus, the most
critical condition for inertial coupling is at zero dynamic pressure
for this condition inertial coupling may occur at lowroll rates. For
exanple, with the X-1B airplane a roll rate of 80 degrees per second

woul d produce a pitching acceleration of 2 degrees per second® which is
about the magnitude of the pitch reaction control. However, there is
believed to be little reason for a pilot to demand roll rates of this
magni tude at zero dynamic pressure, since it will not be possible to
maneuver or change the flight path. For the stabilization task employed
inthis investigation the roll rates remained |ow (2 to 3 deg/sec); no
inertial coupling effects were evidenceqd.

Effect of rocket thrust lag characteristics.- Mst rockets or jets
exhi bit a characteristic tine lag tor full thrust to be devel oped end a
simlar thrust decay tinme at shutdown. These characteristics could be
important to the control problem since-for trimed £light, control i nputs
were predom nantly very short duration pulses and the thrust lag tine
woul d be an appreciable part of the control input time. Therefore, the
effects of thrust lag on control were investigated.

Figure 15 shows the thrust lag characteristics that were simlated
on the analog conputer. Jet thrust was varied as an exponential function
of time both for thrust buildup and cutoff. Buildup times of 0.1 second
and 0.25second for achi evenent of 67percent of meximum thrust were used

No noticeable difference in control was encountered with 0.1 second
lag, and it was slightly easier to control with 0.25 second |ag. This
sonewhat unexpected result may be caused by the thrust |ag providing
smal l er control accelerations for short pul se-type control inputs, thus
effectively reducing the control effectiveness. as shown in figure 16,

~
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the inpulse required for the two-mnute trimruns decreased slightly as
the thrust lag increased to 0.25 second.

Ef f ect of dynam c pressure.- Prelininary studies have indicated that
aerodynamic controls wll probably be adequate for control at dynamc
pressures as low as 10 pounds per sguare foot. No attenpt was made during
the present investigation to establish the maxi mum dynamic pressure region
in which reaction controls will be required. Instead, the control charac-
teristics of reaction controls for dynamic pressures up to 20 pounds per
square foot were determned. The investigation included tests at Mach
numbers of o.s5and 2.0, using the X-1B aerodynam c derivatives for these
Mach numbers. The on-off control configuration with an effectiveness
|l evel of 5,2.5 2.5 was enployed

The most pronounced effects on control at |ow dynemic pressure, in
contrast to zero dynamc pressure, were caused by the presence of sone
degree of longitudinal stability and the large dihedral effect. Even
though the longitudinal danping was |ow, the 'stable oscillation resulted
in less pitch control being required. In contrast, because of the dihe-
dral effect considerably nore roll control was required to counteract
the rolling produced by even small sideslip angl es.

Figure 17 shows the variation of reaction control inpulse wth
dynam ¢ pressure up to 20 pounds per square foot for Mach nunbers of 0.5
and 2.0. Little difference is evidenced in the inpulse level for the
Zero dynamic pressure condition and the levels for the various |ow
dynamic pressures and Mach nunber conditions.

To aid in evaluating the control characteristics at |ow dynamc
pressures, a range of the static derivatives cmm, cnﬁ, and. CZB was

investigated for a dynamc pressure of 5pounds per square foot. Fig-
ure 18 shows the variation of inpulse with cmm. In general, as the

| ongi tudinal stability (’Cmm) increased the impulse decreases, I ndi cating

that slightly less control is required. Pilot comments also indicated
that it was somewhat easier to maintain trimat the higher values of
stability.

The effects of changes in CnB on the ease of control were not

particularly noticeable, except at unstable values of directional sta-
bility. Even this condition was described as only slightly morediffi-
cult to control than for =0. As C was increased the contro

task became slightly easier, which resulted in |ower thrust-inpulse
| evel s as shown in figure 19.
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The effects of changes in CIB on the ease of control were nore
ronounced than effects from changes in or . As C; was
p g Cma CnB lg

reduced fromthe basic X-1B level, control became easier; control at
Cy., = 0 was described as simlar to the zero dymamic pressure condition.

At the higher levels of C;  the coupled roll-yaw notions nake stabil-

I zation nmuch nore difficult and constant concentration on the contro
task is required. Figure 20 shows the increase of thrust inpulse required
for the nore difficult control at higher values of Czﬁ-

Effects of inertia scaling.- For reaction controls, the thrust-
I npul se requirenents are directly proportionalto aircraft noment of
inertia and reaction control moment arm and thrust |evel. Therefore,
the inpulse data previously presented would be difficult to apply to
air-plane configurations with mass characteristics different fromthose
of the X-1B airplane. O interest to other configurations would be the
total angular acceleration control (around each axis) required for the
two-mnute trimruns. This quantity gives a neasure of the total con-
trol used and should not wary between configurations.

Total angular accelerations for roll, pitch, and yaw are presented
in figure 21 for control effectiveness levels of 5,2.5,2.5and 10,
5, 5. It is noted that about an equal amount of pitch and yaw contro
acceleration is used and that considerably more roll control acceleration
Is required. The data also show that for a trimcontrol task the tota
amount of control acceleration increases as control effectiveness is
I ncreased

Mechanical Simmlsator

Control of the nechanical sinulator was characterized by the same
type of control inputs as for the analog study; that is, short pul se-
type control inputs, as shown in figure 22, a typical tinme-history run
for the simulator. Except for slightly longer control inputs, the time
history is very similar to the analog data of figures 8 and 10.

Control effectiveness was eval uated by adjusting jet thrust unti
satisfactory control effectiveness levels were obtained. Since only a
limted range of control effectiveness could be Investigated on the
simulator, it was not possible to define a satisfactory or unsatisfactory
boundary as shown in figure 12 for the analog tests. However, good agree-
ment was obtained between the preferred control effectiveness |evels for
t he mechanical sinulator and for the anal og studies.
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From these studies it was found that during the stabilization task,
for which the angular rotation rates remain snmall, the pilot experiences
very little notion stinulus. Therefore, it was not inportant to the
sinulation to provide pilot notion in response to control input

The tests with the simulator indicated problems that were not
encountered during the analog investigation. As an exanple, because of
the | ow value of roll inertia and the high level of thrust in yaw, it
was found that a very small misalinement Of the yaw jets produced an
annoying rolling monent. This indicated that care nust be taken in
alining the thrust axes of the reaction controls.

O interest in regard to instrument presentation is the useful ness
of the turn and bank indicator to indicate yaw rate. The turn indicator
enabl ed very small yawing notion to be detected and controlled

CONCLUDI NG REMARKS

Anal og conputer and mechanical sinulator studies have been made of
manual |y controlled jet reaction controls. These studies have indicated
that satisfactory attitude control for an attitude stabilization contro
task can be maintained with acceleration command jet reaction controls,
al though constant attention to the control task is required. Contro
techni ques are sonewhat different from those used with aerodynam c con-
trols at normal flight speeds. Perfectly trimed flight is difficult to
establish, and continuing overcontrolled motions to some degree are
general |y encountered

Because of the ease of overcontrolling with large control powers,
much | ower control power than that for normal aerodynam c controls was

desired. Control levels of Sor 10 degrees per second® of angul ar

acceleration in roll and 2.5 degrees per second® of angul ar accel eration
in pitch and yaw were preferred

No conclusive differences were established between the ease of con-
trol with full-on, full-off controls and proportional jet controls

Reaction control systems With up to 0.25 second in the lag of jet
thrust did not have any adverse effect on control. :

Moderate val ues of effective dihedral produced a noticeable increase
in the amount of roll control required to maintain trimat dynamc
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pressures up to 20 pounds per square foot because of the rolling produced
by smaell sideslip angl es. Changes in longitudinal or directional stabil-
ity had only a small effect on the ease of control.

Hi gh- Speed Flight Station,
National Advisory Committee for Aeronautics,
Edwar ds, Calif., July T,1958.
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APPENDIX

EQUATI ONS OF MOTI ON

Addi tional synbols used in the equations of this appendix and not
presented in the text are defined as follows:

A QV2S
ers

CL

Cy

CLCX.’ CYB
CZPJ C lr:

Cripr O

lift coefficient, Lifl
%pVQS

Lateral force
%—pVQS

| ateral -force coefficient,

indicates derivative with respect to subscript

indicates derivative with respect to %"_{xsubscript

i ndi cates derivative with respect to gv X subscri pt

accel eration due to gravity, ft/sec2

moment of inertia of airplane about X-axis, slug-ft°

product of inertia referred to X- and Z-axes, slug-ft2

nmoment of inertia of airplane about Y-axis, slug-f£t2
morment of inertia of airplane about Z-axis, Slug-ft‘?

monment armof roll jet, £t

moment armof pitch jet, ft
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ig, moment arm of yaw jet, £t
m airplene mass, W/g, slugs
1
‘ rolling accel eration produced by roll jet X 5
radians/sec
) . : , , : 2
pi tching accel eration produced by pitch jet, =X '8
s 2 Ty Jf-'ﬁ"f X’
rediens/sec
. . . . iz,
Ty yawi ng accel eration produced by yaw jet, I, TZSZSZ,
ra.d:!.er.ns/sec2
TX rol | jet thrust, |b
Ty pitch jet thrust, Ib
Tg, yaw jet thrust, |b
W airplane weight, Ib
X,Y,Z body axes of airplane
OLg angle of attack at zero lift, radians or deg
Bx roll control stick deflection, deg
3y pitch control stick deflection, deg
By, yaw control stick deflection, deg

The five-degree-of-freedam equations of notion referenced to the
body axes are as follows:

. (Iy - Iy I . Ixz AB2 Ab2 Ab .
= |2 = Fjgr + 2L ¢ 4 2L + 22° ¢ + 25 ¢ + 2B ¢
P ( Ix )q' Iy o Ix P 2VIy ZPP 2Viy er Ix IBB * Py

- _ (- K& Ixz Ixz, 2 . AG® g2 . . AZ .
= | L2 —Elpr + X2 y2 . XL 52 ; AT + AC + AC Ao +
4 ( Iy 5 Iy Ty P Y ovr Bt Ay Omet * g Om %

- g
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. (Ix - Iy Iy . Ixz Ab2 AD2 Ab .
= - - + Chr + c + == C + r
* ( )Pt PrE T omt tovy ot TR CmeP e
B=8m -r+ap+ R Cyp

Vm3 mv g
. g A A
@=a+gns =Py et oy O,

The followi ng equations for the direction cosines 23, ms, and n3
were used:

i3 = m.5r - n5q_

III.5 = n5p - 131'

|13 =19 - msp
23 = -sin e,
mz = Sin @y cos g
n5 = cos @, cos Ge
where
Pesbe angl es between the body axis and earth gravity axis
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Figure 1.~ Aerodynanic and reaction control regions.
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;\ — Angl e of sideslip
Bank angl e :,7__ / 4; or yaw

Angl e of attack
or pitch Y

(a) Mdified "inverted T" presentation.

Bank angl e

B T
Angl e of attack
or pitch Y

»— Angle of sideslip
@ or yaw

(b) Standard presentation.

Figure 2.- Sketches of pilot presentation.
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Figure 3.- Photograph of thr E-2633

ee-axis control stick.
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Figure 5.-
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Phot ograph show ng i nstrument

NACA RM B58G18a
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panel and control stick
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Aer odynam ¢ control s at Reaction control s at

high dynani C pressure zetgnamic [ressure
Pitch control —

I | S
Pitch acceleration. w — |
Pitch veIocity-———/n\\d//"‘_‘\b//’\~_ -___af””“””_—-———-

Pitch angle

t, seec t, sec

(a) Fitch control input

Roll contro

Roll accel erati on

Rol | velocity I
Rol | angle ——————””"””’——____

t, sec t, sec

(b) Rol1 control input.

Figure 6.- Conparison of airplane motions resulting from aerodynamc
and reaction controls.
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10
¥, deg 0
-10
20 ‘
¢, deg 0pP—" T~ —
-20
10

9, deg O jm=——= e ——

10

Y a W O[_/V\‘—MMU-_
-5 '

-5
5
Pitch O W —N— R 2 Ta b N

-55 y; 8 12 15 20 24

t, sec

Reaction control inputs, deg/sec?

(a) Proportional control.

Figure 8.- Time historfes of stebilized trimxuns wWith proportional
and on-off reaction controls of equael effectiveness. Dynemic
pressure = OP\\Ou
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(b) On-off control.
Fi gure 8.~ Concl uded.
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2,4 00
on-of f control
2,000 ) " Proportional control
1,600 _ //
Thrust
- 1,200 py -
impulse, %
Ib-set /
800 /,/
e
/’
400 g
/
0 4 8 12 16 20 z4

Roll control effectiveness, deg/sec2

Figure 9.~ Conparison of inpulse requirenents for two-ninute stebilized
trimmuns. R = 2; dynamic pressure = 0.
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Y, deg 0
-t0
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10
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-10

2.5
Yaw 0] l H

2

-2.5

2.51
Roll 0

2.51
Pitch 0 . : |

m~ | ‘ 1 1
-2.5 4 8 2 6 20

Reaction contr inputs, deg/sec

(a) Control effectiveness levels of 2.5, 1.25, 1.25.

Figure 10.~- Tine histories of stabilized trimruns show ng effect of
control effectiveness. On-off control; &ynamic pressure = 0.
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I
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t, sec
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(b) Control effectiveness levels of 20, 10, 10.

Fi gure 10.~ Concl uded.
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800 // b4 //! L AR(V
0% = -

s L= —_——— — 1

Y ——

_— 8

! L

0 5 10 15 20 25 30 35 40

Rol | controt effectiveness, deg/sec?

Figure 11.- Variation of inpulse with control effectiveness and control
ratio for two-mnute trimruns. Dynam c pressure = 0; on-off
control.
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Figure 12.- Satisfactory control effectiveness levels s determined from pilot opinicns.
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800

400

: i | ] '
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Initial input factor, p X Q x r, (deg/sec)

Figure 13.- Thyyst impulse required for control of disturbances.
C WrESSUNe =~ g; On-of f control.
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Thrust
impulse,
| b-set

Figure ik.- Effect of control
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trimruns.. Dynamc pressure = 0; on-off control; R = 2.

task on thrust inpulse for two-ninute
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—> t<— 0.1 and 0.25 sec | ag

100 '
Thrust, P

“—
percent 67 percent
o/ ¥
100
Control,
percent
0]
Ti me

Figure 15.- Simulated t hrust | ag.

800
‘Thrust
impulse, 400
Ib-set
0 .05 10 A5 .20 .25 .30

lag, sec

Figure 16.- Effect of lag on thrust inpulse for two-minute trimruns.
Dynamic pressure = 0; control effectiveness levels of 5,25, 2.5.
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1,200 T
0.5
_— — 2.0
800
Thrust
impu Ise,
Ib-set =t [
400° —————
0 4 8 12 16 20 24

q, Ib/sq ft

Figure 17.- Effect of dynamc pressure on thrust-inpul se requirements
for two-mnute trimruns. On-off control; control effectiveness
levels of 5, 2.5, 5.

I, 200
800
.Thru'lst
impulse, _—
| b-set ' : : — |
400
6 Tz & -4 0 4 8
Cma

Figure 18.- Effect of Cmm on thrust-inpul se requirenments for two-

mnute trimruns. On-off control; control effectiveness |evels of
5,2.5, 2.5, dynamic pressure =5 1b/sq ft; M=0.5..



38 I NACA RM H58G18e

t ,600 5

/

1,200
Thrust

impulse, AN \\\\\\

ib-sec

J
.
o O
s o
D
H O
o O
i

/
/
/
/

400 R —
02 0 N 2 3 4

Figure 19.- Effect of Cnﬁ on thrust-inpul se requirenents for two-

mnute trimruns. On-off control; control effectiveness |evels of
5, 2.5, 2.5; dynemic pressure = 51b/sq ft; M = 0.5.

1,600

c
npo
1,200 = =390
_Thrust
impulse, |
I b-set 800 I
e
400 F=——]
o -04 -08 -2 -.16 -.20 -24
Cy
B

Figure 20.- Effect of Cg/ on thrust-inpulse requirements for two-

0
mnute trimruns. On-off control; control effectiveness |evels of
5, 25, 25, dynamic pressure = 51b/sq ft; M = 05
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Figure 21.- Total control acceleration require&or roll, pitch, and

yaw control during two-minute trimruns. On-off control; R = 2;

dynamic pressure = 0.

NACA - Langley Field, Va.
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Figure 22.- Time history showing control of nmechanical simulator. On-off
control; control effectiveness levels of 8,'3,3.
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